Introduction {#sec1}
============

Supramolecular interactions of porphyrins have ubiquitous applications in natural systems. For example, allosteric supramolecular host--guest interactions in the heme protein permit the efficient transport of oxygen through the blood plasma,^[@ref1],[@ref2]^ and the intramolecular orientation of chlorophyll in the light-harvesting complex allows for control over electron transfer.^[@ref3]−[@ref5]^ Their diverse self-assembly properties and chemical functionalities have led researchers to apply these systems in a wide variety of synthetic systems,^[@ref6]^ ranging from photovoltaics^[@ref7],[@ref8]^ to sensing and molecular electronics.^[@ref9],[@ref10]^

Despite the great insight that has been gained throughout the past decades into the behavior of these molecules, still new and intriguing phenomena are observed in porphyrin-based systems. For example, the group of Ribó and co-workers showed that the direction of stirring induces chirality in supramolecular aggregates of achiral porphyrin monomers.^[@ref11],[@ref12]^ In another example, Kihara et al.^[@ref13]^ reported that coordination control over supramolecular polymers unexpectedly induces responsiveness to static electricity. Previously, we reported that aggregation can be achieved by diluting the system through the addition of coordinating ligands to a supramolecular porphyrin, whereas concentration increases lead to destruction of the polymer.^[@ref14]^

Recently, the emerging field of living supramolecular polymerizations has sparked a new interest in supramolecular polymers from porphyrin-based monomers. In seminal examples by the group of Takeuchi and Sugiyasu, chiral porphyrins were shown to assemble into kinetically trapped small J-aggregates. Over time, the kinetically trapped J-aggregate could be converted to other, thermodynamically stable aggregates, which enabled seeded growth of nucleated H-aggregated fibers^[@ref15],[@ref16]^ or large J-aggregated nanosheets.^[@ref17]^ Thus, it was possible to generate several different materials from one monomer by controlling pathway complexity. Due to the kinetic trapping of the initial aggregation state, only the thermodynamically most stable aggregate retained its properties throughout prolonged periods. In another report, the group of Aida showed that addition of small amounts of alcohol as co-solvent to dodecane solutions can successfully compete with the hydrogen bonding that stabilizes supramolecular polymers.^[@ref18]^ Through this competition, a temperature interval emerged where the monomeric porphyrin was molecularly dissolved, but above or below this temperature range, polymers were formed. Through the introduction of these competing processes, a thermally bi-signate feature of the polymerization emerged, and a single polymer type was obtained by both increasing and decreasing the temperature.

Competition between several aggregate types is an increasingly observed phenomenon. The groups of Würthner and Lochbrunner recently reported that perylene bis-imides display complex supramolecular polymerization, where the monomers can assemble into nucleated J-aggregates but can also form an off-pathway H-aggregated dimeric structure, which is thermodynamically stable at low concentrations and intermediate temperatures.^[@ref19]^ Similar off-pathway dimerization has also been reported for zinc chlorins^[@ref20]^ and covalently coupled naphthalene diimide derivatives,^[@ref21]^ which indicates that the concepts developed in complex supramolecular polymerizations are not limited to specific molecular platforms. Moreover, these recent findings strongly suggest that pathway complexity in the energy landscape of supramolecular polymerizations can be introduced through the incorporation of large π-cores as well as flexible pendant moieties. Hence, a general description of artificial systems in various complex competing assembly processes is desirable. These descriptions then allow these systems to be compared with their natural counterparts and will lead to a better understanding of supramolecular materials.

In this work, we show that the introduction of competing polymerization pathways in a supramolecular polymerization of a porphyrin-based monomer ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) can lead to very responsive transitions between various thermodynamically stable aggregate morphologies. The presence of the competing aggregation pathways increases the responsiveness of the aggregation state of our supramolecular system to changes in temperature and solvent quality. Moreover, the competing pathway not only increases the sensitivity of the system toward external triggers but also dramatically reduces the sensitivity to changes in monomer concentration. These features show that pathway complexity of supramolecular systems can also be used under thermodynamic control and that, contrary to the present understanding, kinetic traps are not a requirement for highly sensitive systems. As a result, the introduction of competing pathways leads to the emergence of increased responsiveness in this class of materials.

![Chiral Amide-Functionalized Zinc Porphyrin **(*****S*****)-1** and **(*****R*****)-1**](ja-2018-02388e_0008){#sch1}

First, we show that the solvent quality dictates the aggregate morphology of our porphyrin-based monomer. The experimental data are fitted to a thermodynamic model to obtain the energetic parameters that describe the system. Our model shows that the presence of the competing pathways makes the system increasingly insensitive to concentration changes. Atomic force microscopy (AFM) analysis indicates that hierarchical assemblies are present in the system at high thermodynamic driving forces, such as low temperature and high concentration. Kinetic analysis of the polymerization shows that the two aggregation pathways are in competition with each other. Additionally, we show that changing the temperature has a similar effect on the aggregate state as changing the solvent, and these two parameters function as independent handles to obtain the desired material morphology in a wide range of conditions.

Results and Discussion {#sec2}
======================

Solvent Quality Determines the Supramolecular Polymerization of **(*****S*****)-1** {#sec2.1}
-----------------------------------------------------------------------------------

Chiral porphyrin **(*****S*****)-1** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) was synthesized according to a previously reported procedure.^[@ref14]^ Full analytical details are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf) (SI, Figures S1--S3). Upon dissolving **(*****S*****)-1** in methylcyclohexane (MCH), long supramolecular polymers are formed through hydrogen-bonding interactions along the polymer backbone.^[@ref14]^ The presence of the helical aggregates, in which the monomers are co-facially stacked into H-aggregates, is indicated by an absorption band at 392 nm that displays a strong bi-signate Cotton effect. Conversely, solutions of **(*****S*****)-1** in CHCl~3~, in which **(*****S*****)-1** is molecularly dissolved, display a strong absorption around 425 nm and no CD signal.^[@ref14]^ To investigate the solvent dependency of the thermodynamic parameters of the supramolecular polymerization of **(*****S*****)-1**, UV--vis and CD spectra of **(*****S*****)-1** in solutions with varying volume percentages CHCl~3~ in MCH were measured ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). In pure MCH, a CD-active absorption band with a maximum at 392 nm is observed due to the presence of H-aggregates. Upon increasing the volume fraction CHCl~3~, the absorbance and CD intensity at 392 nm decrease, with a concomitant gradual emergence of a broad, CD-silent absorption band at 425 nm, indicative of the formation of a weakly coupled J-type aggregate or otherwise less ordered aggregate (from here on referred to as J-type aggregates).^[@ref22],[@ref23]^ Approaching the critical solvent composition, the CD intensity at 392 nm rapidly decreases and the absorption at 425 nm rises sharply, indicating the destruction of cooperatively formed co-facially stacked H-aggregates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). At volume percentages above 5--7.5 vol% CHCl~3~, the CD signal has disappeared due to the destabilization of the H-aggregates, and a further increase in the CHCl~3~ volume fraction results in a gradual increase in intensity and sharpening of the absorption peak. This gradual increase indicates the presence of the J-type aggregates at intermediate solvent compositions that, upon further increase of the CHCl~3~ volume fraction, form monomerically dissolved **(*****S*****)-1**. The presence of J-type aggregates is corroborated by a slight red-shift of the Q-bands of **(*****S*****)-1** at intermediate volume fractions of CHCl~3~ ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). The comparably low dependency of the stability of the J-type aggregates on the solvent quality is reflected in the sigmoidal dependency of the absorbance on the solvent composition. This sigmoidal dependency indicates that **(*****S*****)-1** aggregates into J-type aggregates through an isodesmic aggregation mechanism. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a illustrates that the onset of isodesmic aggregation shifts to higher CHCl~3~ fractions as the concentration is increased. Remarkably, the critical solvent composition at which the cooperative pathway is favored over the isodesmic pathway, however, does not shift significantly over the 2 orders of magnitude concentration difference.

![Solvent-dependent (a) UV--vis and (b) CD spectra of 1 μM solutions of **(*****S*****)-1**. In MCH, **1** shows a broad absorption band at 392 nm. The CD spectrum displays a strong bi-signate Cotton effect at those wavelengths, indicating helical H-aggregation of **(*****S*****)-1** (red line). Upon increasing the volume fraction of CHCl~3~, the CD intensity and absorbance at 392 nm decrease, while a broad absorption band at 425 nm arises (purple line). This broad band indicates that **(*****S*****)-1** assembles in J-type aggregates. Further increase in the CHCl~3~ volume fractions leads to the increase in absorption at 425 nm until **(*****S*****)-1** is monomerically dissolved (blue line).](ja-2018-02388e_0001){#fig1}

![(a) Absorbance at 425 nm and (b) CD intensity at 392 nm at various solvent compositions for \[**(*****S*****)-1**\] = 1--100 μM and optical path lengths between 1 cm and 0.1 mm. Increasing the CHCl~3~ leads to a strong decrease in CD intensity at 392 nm and increase in absorbance at 425 nm as the critical solvent composition is approached, indicating the destruction of the cooperatively formed H-aggregates. At CHCl~3~ fractions above the critical solvent composition, the sigmoidal increase in absorbance at 425 nm indicates the gradual destabilization of the isodesmic J-type aggregates. The symbols indicate experimental data and the lines depict the fits obtained from the equilibrium model. The insets show the sharp change in absorbance and CD intensity at the critical solvent composition.](ja-2018-02388e_0002){#fig2}

The presence of two different aggregate types is also confirmed by FT-IR spectroscopy ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). At low CHCl~3~ fractions, the amide NH stretch and amide CO stretch frequencies are shifted to lower wavenumbers with respect to molecularly dissolved **(*****S*****)-1**, indicating that at low CHCl~3~ fractions, the amides of **(*****S*****)-1** are engaged in hydrogen bonding, indicative of H-aggregates. In intermediate CHCl~3~ fractions, the IR spectra show vibrational transitions at similar wavenumbers as in pure CHCl~3~ solutions, but the amide and carbonyl bands have broadened, indicating poorly defined aggregation. The isodesmic aggregates, formed at intermediate CHCl~3~ fractions, are proposed to be stabilized through π--π-stacking, resulting in J-type aggregates.

It should be noted that the molar ellipticity (Δε) of the H-aggregates that is calculated from the CD signal is not constant over the entire concentration regime. We attribute this variation to subtle changes in atmospheric water content, which has recently been shown to dramatically impact aggregation behavior in supramolecular polymers.^[@ref24],[@ref25]^

Thermodynamic Parameters Are Obtained with Fits of Experimental Data {#sec2.2}
--------------------------------------------------------------------

In previous works, we have employed numerical models to understand the underlying principles of various types of supramolecular polymerizations, including kinetically trapped states,^[@ref26]^ kinetic aspects of competing aggregation pathways,^[@ref27]^ sergeants-and-soldiers and majority rules experiments,^[@ref28],[@ref29]^ racemizing systems,^[@ref30]^ and supramolecular copolymers.^[@ref31]^ To further understand the pathway complexity in the supramolecular polymerization of **(*****S*****)-1** and quantify the thermodynamic parameters that govern the aggregation processes, the results obtained from the UV--vis and CD measurements at various CHCl~3~ volume fractions have been fitted to a thermodynamic equilibrium model (Full details in the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). In the model, the monomers can assemble into one-dimensional, CD-inactive isodesmic aggregates and CD-active cooperative aggregates, which are both in equilibrium with monomeric **(*****S*****)-1**. This model shows resemblance with the model introduced by the groups of Würthner, Lochbrunner, and co-workers,^[@ref19]^ but that model does not account for the observed insensitivity of the critical solvent composition to an increase in concentration.^[@ref32]^ The dependency of the aggregate stabilities on the solvent is introduced by^[@ref33]^where Δ*G* is the Gibbs free energy gain upon addition of monomeric **(*****S*****)-1** to the aggregate at a given volume fraction of CHCl~3~, *f*. The Gibbs free energy of the aggregation process in the absence of CHCl~3~ is given by Δ*G*°. The dependence of Δ*G* on *f* is introduced with the *m*-value. In our model, the *m*-value of the nucleation and elongation phase of the cooperative polymerization are taken to be equal. The obtained fits are given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and the corresponding thermodynamic parameters in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Values of Δ*G*° and *m* for the Cooperative and Isodesmic Pathways, Obtained from the Global Fitting of UV and CD Data for the Various Concentrations of **(*****S*****)-1**

                                      1 μM            10 μM           100 μM
  ----------------------------------- --------------- --------------- ---------------
  Δ**G*°*~coop~ (kJ/mol)              --46            --45            --33
  *m*~coop~ (kJ/mol)                  194             101             67
  σ[a](#t1fn1){ref-type="table-fn"}   7.3 × 10^--3^   2.3 × 10^--3^   6.7 × 10^--4^
  Δ*G°*~iso~ (kJ/mol)                 --40            --41            --31
  *m*~iso~ (kJ/mol)                   91              56              41

The cooperativity parameter σ is determined at 293 K.^[@ref28]^

The results show that the Gibbs free energies in MCH of the cooperative pathway (Δ*G*°~coop~) range between −46 kJ/mol at \[**(*****S*****)-1**\] = 1 μM and −33 kJ/mol at \[**(*****S*****)-1**\] = 100 μM. The Gibbs free energies in MCH of the isodesmic aggregation pathway (Δ*G***°**~iso~) range between −41 and −31 kJ/mol and are less negative than Δ**G*°*~coop~ at every measured concentration. The solvent dependency parameter of the cooperative polymerization, *m*~coop~, ranges between 194 kJ/mol at \[**(*****S*****)-1**\] = 1 μM and 67 kJ/mol at \[**(*****S*****)-1**\] = 100 μM. For the isodesmic pathway, *m*~iso~, ranges between 91 kJ/mol at \[**(*****S*****)-1**\] = 1 μM and 41 kJ/mol at \[**(*****S*****)-1**\] = 100 μM and is lower than *m*~coop~ at every measured concentration. Combined, the obtained values of Δ*G*°~coop~ and Δ*G*°~iso~ and their respective dependencies on solvent quality, *m*~coop~ and *m*~iso~, lead to a CHCl~3~ fraction at which Δ*G*°~coop~ and Δ*G*°~iso~ are equal and above which the J-type aggregates are the most stable polymer.

The thermodynamic model also allows us to determine the degree of cooperativity of the cooperative pathway, expressed by the cooperativity parameter, σ. Interestingly, despite the strong response observed in the experimental curves ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), the resulting cooperativity of the nucleated pathway is not very high, as indicated by the values of σ, ranging between 7.3 × 10^--3^ and 6.7 × 10^--4^. This result, together with the observed low sensitivity of the critical solvent composition to increases in CHCl~3~ fraction prompted us to investigate the competition of isodesmic and cooperative pathways in more detail.

Equilibrium Model Gives Insight into Polymerization Thermodynamics {#sec2.3}
------------------------------------------------------------------

The observed insensitivity of the critical solvent composition and the low degree of cooperativity obtained from the fits of the experimental data are explained by our theoretical model of a two-pathway supramolecular polymerization. At CHCl~3~ above the critical solvent fraction, the isodesmic aggregation pathway buffers the monomer concentration, preventing the elongation of nucleated polymers. Increasing the total concentration then leads to an increase in the J-type aggregate concentration and only a marginal increase in the free monomer concentration that is available for cooperative polymerization. Since the free monomer concentration cannot exceed *K*~iso~^--1^ and the concentration required for the elongation of the cooperative polymers is *K*~e~^--1^, the H-aggregates can only form when the cooperative polymerization is lower in Gibbs free energy than the isodesmic pathway (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf) for additional details). As a result, there is a fundamental upper solvent fraction above which the formation of the H-aggregates is impossible. The weak concentration dependence of the formation of cooperative polymers in the presence of an isodesmic pathway has previously also been recognized by Bouteiller and Van der Schoot.^[@ref34],[@ref35]^ This is in strong contrast with a single-pathway nucleated polymerization, in which polymers can theoretically always form at any solvent composition or temperature upon simply increasing the concentration ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Calculated minimal concentration required for H-aggregate formation in MCH for a system in which the cooperative polymerization is in competition with an isodesmic pathway (a) and a system that can only polymerize via a single cooperative pathway supramolecular polymerization (b). The shaded area indicates the presence of cooperative polymers. In the case of a competitive system (a), the minimum concentration required for the formation of H-aggregates explodes when the solvent composition is such that Δ*G*~coop~= Δ*G*~iso~. For the single cooperative pathway, aggregates can form at any solvent composition. The thermodynamic parameters obtained from the denaturation experiment of 1 μM were used in the calculation.](ja-2018-02388e_0003){#fig3}

Additionally, the sharp transition in the CD response at the critical solvent composition, despite the moderate cooperativity obtained from the fits, can be explained by our model. At CHCl~3~ fractions below the critical solvent composition, the H-aggregates are more stable than the J-type aggregates and in this regime, the free monomer concentration follows the behavior similar to a single-pathway cooperative polymerization ([Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). As the solvent quality becomes better, the H-aggregates are increasingly destabilized with respect to the J-type aggregates. The increase in competition between the polymer types upon increasing the solvent quality leads to a mass transfer from the H-aggregates to the J-type aggregates, which does not occur in a single-pathway polymerization, while the free monomer concentration behaves similar to a single-pathway cooperative polymerization. The additional mass transfer from the H-aggregates to the J-type aggregates causes the strong response that is observed at solvent compositions just below the critical solvent fraction.

The aggregation energies of the cooperative and isodesmic pathway in pure MCH do not vary significantly upon increasing the concentration from 1 to 10 μM. However, upon increasing the concentration 1 order of magnitude further, considerable deviations are observed. The solvent-dependency parameter *m* shows a similar trend: increasing the concentration leads to an apparent decrease in the destabilization by CHCl~3~ of the cooperative pathway. We propose that this apparent increased stabilization at higher CHCl~3~ fractions is due to the formation of superhelices of cooperatively formed fibers (*vide infra*). This hypothesis also explains the observed increase in cooperativity upon increasing the concentration. The formation of hierarchical structures becomes more pronounced at higher concentrations, where the concentration of aggregated material is higher. At these concentrations, the hierarchical structures effectively act as a monomer sink, leading to a more cooperative system.

Atomic Force Microscopy Reveals the Existence of Superhelices {#sec2.4}
-------------------------------------------------------------

The microscopic morphology of aggregates of **(*****S*****)-1** was studied using AFM measurements ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The AFM images reveal the existence of helical aggregates when **(*****S*****)-1** is drop-cast from MCH solutions. At low concentrations, fibers with a width of 4.2 nm are observed (for full details, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). This is in line with the diameter of 4.9 nm of **(*****S*****)-1** obtained from molecular simulations. The helical pitch of the fibers is estimated at 5.7 nm. AFM images of **(*****R*****)-1 (**[Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)**)**, which has chiral side chains of opposite configuration, show fibers with similar fiber width and helical pitches as are observed in the AFM images of **(*****S*****)-1**, but the fibers of **(*****R*****)-1** show opposite helicity. This indicates that the helical features are due to the molecular chirality of the monomers.

![AFM images of helical porphyrin stacks drop-cast from (a) fresh and (b) refrigerated 33 μM MCH solutions of **(*****S*****)-1**. The width of the observed aggregates in micrographs of samples drop-cast from fresh solutions corresponds to the diameter of **1**, obtained from molecular models (49 Å), indicating that the helices consist of a single fiber. Micrographs of the refrigerated samples show large aggregates with widths of 25 (green box, B) to 50 nm (red box, A). (c) Cartoon representation of the collapse of a single helical fiber to form a superhelix at high thermodynamic driving forces, which may further assemble to form double and triple helices.](ja-2018-02388e_0012){#fig4}

Samples that are drop-cast from a cooled solution, in which the thermodynamic driving force for aggregation is increased, show that single fibers aggregate to form hierarchically assembled double- and triple-helix assemblies with estimated diameters of ca. 25 and 50 nm, respectively, and helical pitches of 23 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). Strikingly, the handedness of the superhelices is the same as that of the constituent single helices. Formation of hierarchical aggregates from supramolecular polymers usually coincides with inversion of helicity, as has been demonstrated by Nolte,^[@ref36]^ Würthner,^[@ref37]^ and others.^[@ref38],[@ref39]^ The observed preservation of helix handedness in our system suggests that the single helices are aggregated into superhelices through a torsional strain mechanism, as observed for peptide amphiphiles by the group of Stupp,^[@ref40],[@ref41]^ and other systems reported by Yagai^[@ref42]^ and Zhu.^[@ref43]^ In line with their observations, we observe that the helical pitch of the superhelices increases 4-fold ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). In addition, the bundle width increases considerably. We speculate that the superhelix formation is driven by the collapse of the fiber, maximizing interactions between the aliphatic side chains and causing a release of solvation entropy.^[@ref44]^ The collapsed helices can intertwine to form superhelices from multiple individual H-aggregate helices, as observed by the variable superhelix diameter ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, boxes A and B).

The observation of the superhelices only at low temperatures indicates that high association constants or concentrations are required to cluster the large number of molecules in one superstructure. Hence, this process will only occur at low temperature, high concentrations and poor solvent quality. Although very different morphologies are observed under AFM, spectroscopic investigations of samples of **(*****S*****)-1** that are cooled for prolonged periods do not show any appreciable changes in the CD and absorption spectra ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). Since the handedness of the single helix is retained upon aggregation into superhelices and the molecular environment of the monomers remains almost identical, the helix--superhelix transition is proposed to be not observable in our spectroscopic measurements. Thus, the combination of UV--vis and CD spectroscopy with AFM reveals that **(*****S*****)-1** can exist in four thermodynamically stable states, but to gain further insight into their mechanism of interconversion, kinetic measurements are necessary.

Kinetic Analysis Indicates the Aggregation Pathways Are in Competition {#sec2.5}
----------------------------------------------------------------------

Not only thermodynamic aspects of supramolecular polymerizations are altered by the solvent quality and other external parameters. Also the kinetic characteristics of the assembly process are strongly dependent on solvent quality. The kinetic traces of single-aggregate supramolecular polymerizations have been reported to equilibrate slowest around the critical solvent composition, resulting from the competition between comparable rates in polymer assembly and disassembly at the critical solvent composition.^[@ref33]^ The kinetic traces of the formation of the nucleated H-aggregates of (***S*****)-1** at various solvent compositions is studied with CD spectroscopy. The results are given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![(a) Kinetic profiles of the CD intensity at 392 nm upon mixing MCH and CHCl~3~ solutions of **(*****S*****)-1**. The colored labels indicate the volume percentage CHCl~3~ in the final solution for every trace. (b) The time at which 90% of the final CD signal of the traces depicted in (a) are obtained (*t*~90~) shows a maximum around the critical solvent composition. The kinetics of H-aggregate formation is slowest around the critical solvent composition. The behavior of **(*****S*****)-1** in a dual-pathway energy landscape is qualitatively similar to the kinetics described for OPVs.^[@ref33]^](ja-2018-02388e_0004){#fig5}

Despite the presence of the isodesmic pathway, the kinetic trace of nucleated H-aggregate formation shows similar behavior as that reported for single-aggregate-type polymerization. At the critical solvent composition, the time at which 90% of the final CD signal is obtained (*t*~90~) shows a distinct peak ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The rate of J-type aggregation was too fast to be measured and only equilibrium states could be observed at CHCl~3~ fractions above the critical solvent composition ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). Additionally, *t*~90~ values did not show a significant dependence on concentration. The absence of a strong concentration dependency of the equilibration time indicates that the two aggregate types do not convert directly from one type to the other, but that aggregate interconversion proceeds through the monomeric state.^[@ref27]^

Temperature Variation Gives Morphology Changes Similar to Those Resulting from Changes in Solvent Quality {#sec2.6}
---------------------------------------------------------------------------------------------------------

Thermodynamic considerations dictate that the destabilization by nonspecific interactions of a denaturing co-solvent has a similar effect as an increase in temperature. Taken together, these two external parameters serve as orthogonal handles to control the self-assembly state of a material, potentially giving greater control over the aggregate morphology. To test this hypothesis, we followed the CD intensity and absorbance signals at 392 nm, at which the H-aggregates absorb, and at 425 nm, at which the J-type aggregate and monomers absorb as a function of temperature in MCH. The melting curves obtained from the temperature-dependent CD and UV--vis experiments are given in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The melting curves are fit to a thermodynamic model that describes the aggregation of **(*****S*****)-1** in a similar fashion as the model that is used to fit the denaturation experiments. The temperature dependency of the Gibbs free energy gain upon monomer addition is introduced via

![(a) Absorbance change with respect to the minimum absorbance values of the observed melting curves at 425 nm. (b) CD intensity at 392 nm MCH solutions with varying concentrations of **(*****S*****)-1** as a function of temperature. The CD-silent J-type aggregation process is not visible in the CD trace but is apparent in the UV signal. The experimental data (symbols) are fitted to the two-pathway thermodynamic model (solid lines). The absorbance traces are corrected for baseline drift between experiments by subtracting the absorbance by the minimum absorbance in the melting curve to obtain ΔAbsorbance.](ja-2018-02388e_0005){#fig6}

The thermodynamic parameters obtained from the fitting procedure are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The fitted curves are plotted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

###### Values of Δ*H* and Δ*S* for the Cooperative and Isodesmic Pathways, Obtained from the Global Fitting of UV and CD Data for the Various Concentrations of **(*****S*****)-1** in MCH

                                                        1 μM            10 μM           100 μM
  ----------------------------------------------------- --------------- --------------- ----------------
  Δ*H*~coop~ (kJ/mol)                                   --102           --66            --63
  Δ*S*~coop~ (J/mol/K)                                  --184           --90            --107
  σ[a](#t2fn1){ref-type="table-fn"}                     2.4 × 10^--4^   2.6 × 10^--7^   8.3 × 10^--10^
  Δ*G*~coop~ (kJ/mol)[a](#t2fn1){ref-type="table-fn"}   --48            --39            --32
  Δ*H*~iso~ (kJ/mol)                                    --72            --63            --57
  Δ*S*~iso~ (J·mol^--1^·K^--1^)                         --97            --89            --106
  Δ*G*~iso~ (kJ/mol)[a](#t2fn1){ref-type="table-fn"}    --43            --37            --26

The cooperativity parameter σ and Gibbs free energies are determined at 293 K.

The enthalpies of elongation of the nucleated polymers, Δ*H*~coop~, range between −102 kJ/mol at \[**(*****S*****)-1**\] = 1 μM and −63 kJ/mol at \[**(*****S*****)-1**\] = 100 μM. Qualitatively, a similar decreasing trend can be seen in the values of the entropy of elongation, which range between −184 J/mol/K at \[**(*****S*****)-1**\] = 1 μM and −90 and −107 kJ/mol at \[**(*****S*****)-1**\] = 10 μM and \[**(*****S*****)-1**\] = 100 μM, respectively. As a result, the Gibbs free energies of elongation of the cooperative polymer at 293 K (Δ*G*~coop~) is in good agreement with the values obtained from the denaturation experiments ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The enthalpies of the isodesmic polymerization, Δ*H*~iso~, range between −72 kJ/mol at \[**(*****S*****)-1**\] = 1 μM and −57 kJ/mol at \[**(*****S*****)-1**\] = 100 μM. The entropies of the isodesmic polymerization, Δ*S*~iso~, are comparable for all concentrations measured.

Similar relations between the energetic parameters of the cooperative and isodesmic aggregation polymerizations as found in the denaturation studies ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) are found in the melting experiments ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). At all concentrations, the Gibbs free energy of the cooperative polymerization at 293 K is more negative than the Gibbs free energy of the isodesmic aggregation and upon increasing the concentration, a decrease in Gibbs free energy is obtained from the fits. Additionally, the extraction of the enthalpic and entropic contributions in the self-assembly process sheds light on the molecular nature of both aggregation pathways. Upon increasing the concentration, the change in enthalpy upon monomer addition decreases together with the entropic cost of elongation. In addition, the cooperativity parameter σ becomes smaller, indicating a more cooperative formation of H-aggregates. The thermodynamic parameters obtained for the isodesmic pathway are relatively insensitive to a change in concentration. The concentration dependency of the cooperative pathway corroborates the hypothesis that hierarchical structures are formed at increased thermodynamic driving forces for aggregation (i.e., high concentration, low temperature, and low solvent quality). The thermodynamic parameters obtained from the cooling curve at 1 μM give a good description of the two-pathway polymerization process, since hierarchical self-assembly is not significant at these concentrations. Both the enthalpy and entropy of the cooperative pathway are more negative than the values of the isodesmic pathway. This can be rationalized by the greater enthalpy release due to the formation of hydrogen bonds as opposed to weaker π--π interactions that lead to isodesmic aggregation. The additional entropic penalty of the decrease in rotational freedom of the amides and clustering of the aliphatic side chains is reflected in the larger entropic penalty for the cooperative pathway. Upon increasing the concentration, the thermodynamic parameters of the cooperative pathway appear to decrease considerably and the cooperativity of the polymerization appears to be enhanced. These deviations suggest that in the cooling experiments at concentrations of 10 μM and above, hierarchical structures are formed.^[@ref45]^

From the results above, we conclude that, qualitatively, changing solvent composition or temperature leads to similar trends in the stability of the supramolecular aggregates. As a next step, we performed cooling experiments of solutions of **(*****S*****)-1** with varying volume fractions of CHCl~3~.

Consequences of Competing Pathways for Supramolecular Materials {#sec2.7}
---------------------------------------------------------------

We envision that selective synthesis of a desired aggregate type by tuning of temperature and solvent composition can be an effective method to harness the different properties of the supramolecular materials under various conditions. To demonstrate this concept, we performed cooling experiments of solutions of **(*****S*****)-1** in MCH with volume percentages of CHCl~3~ varying from 0 to 7.5 vol%. The melting curves obtained for 1 μM solutions are given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The increase of the volume fraction of CHCl~3~ leads to a destabilization of the aggregates, which results in a shift of the elongation temperature to lower temperatures ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) and a weaker change in absorbance ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). At volume fractions above the critical solvent composition at 293 K (5 vol%), only isodesmic aggregation is observed. It should be noted that Gibbs free energies of isodesmic aggregation obtained from the melting curves with 2.5--7.5 vol% CHCl~3~ do not show a clear decrease upon increasing the CHCl~3~ fraction ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf)). The absence of this trend can be explained by a temperature-dependent *m*-value of CHCl~3~. Although the boiling point of the mixtures of CHCl~3~ in MCH are not reached, the destabilizing effect of CHCl~3~ will likely become temperature dependent. This renders the enthalpic and entropic contributions temperature dependent, and the model does not give the true thermodynamic values of the aggregation process in these mixtures. Nonetheless, the calculated values of the Gibbs free energies of the nucleated polymer obtained from the denaturation experiments and melting experiments are in good agreement, indicating that melting and denaturation experiments can be used as orthogonal methods to study and synthesize supramolecular materials.

![(a) Absorbance change of 1 μM solutions of **(*****S*****)-1** with respect to the minimum absorbance values of the observed melting curves at 425 nm. (b) CD intensity at 392 nm as a function of temperature for solutions with varying CHCl~3~ volume fractions. The experimental data (symbols) are fitted to the two-pathway thermodynamic model (solid lines). Upon increasing the volume fraction CHCl~3~ the elongation temperature of H-aggregate formation decreases. In solutions with CHCl~3~ volume fractions above the critical solvent composition (7.5 vol%, green line), no H-aggregation is observed anymore. The absorbance traces are corrected for baseline drift between experiments by subtracting the absorbance by the minimum absorbance in the melting curve to obtain ΔAbsorbance.](ja-2018-02388e_0006){#fig7}

Our ability to quantitatively describe the supramolecular polymerization of **(*****S*****)-1** can be used to predict the polymer morphology, length, and dispersity at any given temperature. Hence, this strategy enables full control over the aggregate morphology and allows the prediction of the composition of the system at arbitrary solvent compositions and temperatures ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Because the competing J-type aggregation pathway buffers the monomer concentration, there is an upper limit above which no polymers can be formed. Moreover, the asymptotic behavior of the minimal concentration required to form H-aggregates renders the system insensitive to changes in concentration in the limit of high concentration. As the various porphyrin morphologies, whose aggregation behaviors can be engineered through chemical synthesis,^[@ref22]^ are known to exhibit different material properties,^[@ref17]^ we envision that the combination of solvent composition and temperature control can be used to synthesize a plethora of functional supramolecular materials from only a very limited number of starting materials in a very easy and controllable manner.

![(a) Phase diagram displaying the most prevalent aggregate species of **(*****S*****)-1** at 100 μM as a function of temperature and solvent composition. In the gray area, **1** is predominantly present as monomer; in the blue area, **(*****S*****)-1** is predominantly aggregated in J-type aggregates; and in the dark red area, the majority of **(*****S*****)-1** is aggregated in H-aggregates. The dashed lines indicate the temperatures of the speciation plots to the right. (b) Speciation diagrams of the system at various temperatures as a function of the solvent composition. Note that, although the phase diagram does not indicate J-type aggregates are at any point the most prevalent species at 30 °C, J-type aggregation does take place in a considerable amount, as is evident from the lower speciation diagram.](ja-2018-02388e_0007){#fig8}

Outlook and Conclusion {#sec3}
======================

In this work, we show that the supramolecular polymerization of amide-functionalized porphyrin **(*****S*****)-1** displays pathway complexity. At poor solvent conditions and low temperatures, **(*****S*****)-1** aggregates into H-aggregated nucleated polymers, whereas at intermediate solvent quality and temperatures, weakly coupled J-type aggregates are formed through an isodesmic aggregation process. Using a two-pathway equilibrium model, a thermodynamic description of the solvent and temperature dependency of the aggregation process has been obtained.

The thermodynamic parameters that are obtained by fitting the two-pathway model to the experimentally obtained curves show a concentration dependency. The curves at higher concentration tend to show decreased Gibbs free energies of aggregation and increased cooperativity in the system. The observation of superhelices in AFM measurements strongly suggests that this concentration dependency is due to the formation of hierarchical structures.

The thermodynamic model revealed that the competition between the cooperative and isodesmic aggregation pathways introduces a fundamental upper solvent composition or temperature at which the nucleated H-aggregates can form. Due to the buffering effect of the isodesmic J-type aggregation at CHCl~3~ fractions or temperatures above the critical fraction or elongation temperature, H-aggregation is impossible. As a result, formation of the cooperative polymers is very sensitive to solvent composition and temperature, and the system becomes insensitive to changes in concentration. Through the delicate interplay of pathway complexity with the molecular structure of the monomer,^[@ref22]^ the presence of competing polymerization pathways in supramolecular polymerizations can be employed to tailor the stability of supramolecular materials in a controllable fashion.

Understanding of the full energy landscape of a supramolecular polymerization is of paramount importance for these materials to be used as functional materials. The full diversity of this pathway complexity can only be achieved through a combination of techniques which are employed at different concentrations that span several orders of magnitude. As the presence of competing aggregation pathways is not restricted to porphyrins, but has also been observed in other systems,^[@ref27],[@ref46]^ the observed robustness and increased responsiveness are not limited to our porphyrin system, but should be readily observed in other systems. The emergent behavior resulting from the competitive interactions in such systems shows a strong resemblance to supramolecular polymers in nature and holds great promise to further the general design principles of supramolecular materials.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.8b02388](http://pubs.acs.org/doi/abs/10.1021/jacs.8b02388).Additional UV--vis, CD, and IR spectra; details of the thermodynamic model; additional speciation plots, AFM results, results of the fitting procedures, and phase diagrams, including Figures S1--S14 and Tables S1 and S2 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02388/suppl_file/ja8b02388_si_001.pdf))
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